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Objective: The role of airway pressure release ventilation in the
management of early smoke inhalation injury has not been studied. We
compared the effects of airway pressure release ventilation and con-
ventional mechanical ventilation on oxygenation in a porcine model of
acute respiratory distress syndrome induced by wood smoke inhalation.

Design: Prospective animal study.

Setting: Government laboratory animal intensive care unit.

Patients: Thirty-three Yorkshire pigs.

Interventions: Smoke inhalation injury.

Measurements and Main Results: Anesthetized female Yorkshire
pigs (n = 33) inhaled room-temperature pine-bark smoke. Before injury,
the pigs were randomized to receive conventional mechanical ventilation
(n = 15) or airway pressure release ventilation (n = 12) for 48 hrs after
smoke inhalation. As acute respiratory distress syndrome developed
(Pa0,/Fio, ratio <200), plateau pressures were limited to <35 cm H,0.
Six uninjured pigs received conventional mechanical ventilation for 48
hrs and served as time controls. Changes in Pa0,/Fio, ratio, tidal volume,
respiratory rate, mean airway pressure, plateau pressure, and hemody-
namic variables were recorded. Survival was assessed using Kaplan-
Meier analysis. Pa0,/Fio, ratio was lower in airway pressure release

ventilation vs. conventional mechanical ventilation pigs at 12, 18, and 24
hrs (p < .05) but not at 48 hrs. Tidal volumes were lower in conventional
mechanical ventilation animals between 30 and 48 hrs post injury (p <
.05). Respiratory rates were lower in airway pressure release ventilation
at 24, 42, and 48 hrs (p < .05). Mean airway pressures were higher in
airway pressure release ventilation animals between 6 and 48 hrs (p <
.05). There was no difference in plateau pressures, hemodynamic vari-
ables, or survival between conventional mechanical ventilation and air-
way pressure release ventilation pigs.

Conclusions: In this model of acute respiratory distress syn-
drome caused by severe smoke inhalation in swine, airway pressure
release ventilation-treated animals developed acute respiratory dis-
tress syndrome faster than conventional mechanical ventilation-
treated animals, showing a lower Pa0,/Fio, ratio at 12, 18, and 24 hrs
after injury. At other time points, Pa0,/Fio, ratio was not different
between conventional mechanical ventilation and airway pressure
release ventilation. (Crit Care Med 2011; 39:2314-2321)

Kev Worbs: acute respiratory distress syndrome; mechanical
ventilation; smoke inhalation injury; swine

nhalation injury complicates ap-
proximately 10% of admissions to
burn centers in the United States
(1). Presence of inhalation injury
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independently increases mortality over
that predicted by age and burn size alone
by up to 20% in the absence of pneumo-
nia, and by up to 60% if pneumonia also
occurs (2). Smoke inhalation injury en-
compasses: 1) injury to the upper airway;
2) injury to the lower airways and pulmo-
nary parenchyma; and 3) systemic toxic-
ity from inhalation of toxic gases (3).
While upper airway injury and systemic
toxicity are both critical in the immediate
management of inhalation injury, sub-
glottic injury (i.e., injury to the lower
airways and pulmonary parenchyma)
contributes significantly to challenges in
management during the ensuing days
and weeks.

Subglottic inhalation injury is primar-
ily a chemical injury induced by the prod-
ucts of combustion (4). This injury is
characterized by bronchospasm, mucosal
hyperemia, increased microvascular per-
meability, and the formation of obstruc-

tive casts secondary to the influx of in-
flammatory cells, exfoliated bronchial
epithelial cells, and mucus (5, 6). Small
airway obstruction promotes further lung
injury through barotrauma, atelectasis
(7), and pneumonia (8). Smoke inhala-
tion also disrupts alveolar function by
increasing endothelial permeability and
deactivating pulmonary surfactant and
ciliary function (9, 10).

Acute respiratory distress syndrome
(ARDS) is a complication of smoke inha-
lation injury, with an incidence as high as
54% in mechanically ventilated burn pa-
tients (11). ARDS may result directly
from smoke toxicity or indirectly from
inflammatory mediators associated with
infection or the burn wound itself (12).
Low tidal volume (TV) ventilation has
been shown to reduce mortality in ARDS
in multiple trials by reducing barotrauma
and volutrauma (13-17). Several “lung-
protective” modes of ventilation have
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been described in smoke inhalation in-
jury, but controversy still exists as to
which ventilation mode provides the
greatest benefit (18-23).

Airway pressure release ventilation
(APRV) is a mode of ventilation that op-
timizes mean airway pressure (Paw), by
maintaining a continuous positive airway
pressure interrupted by time-cycled short
releases of pressure to facilitate ventila-
tion. It has been advocated in the man-
agement of ARDS (20). One of the theo-
retical advantages of APRV is that it
allows for spontaneous ventilation
throughout the entire ventilation cycle,
especially during high lung inflation,
which may enhance and maintain alveo-
lar recruitment. Spontaneous breathing
during APRV has been associated with
improved dependent lung expansion and
thereby with improved ventilation-
perfusion matching (24, 25). APRV has
been associated with improved oxygen-
ation, lower end-inhalation pressures,
and less sedation, although it has yet to
demonstrate a mortality benefit when
compared to conventional mechanical
ventilation (CMV) (26—29). There have
been no publications to date evaluating
the use of APRV in smoke inhalation in-
jury. We hypothesized that APRV would
improve PaO,/Fio, ratio (PFR) when
compared to CMV during the first 48 hrs
after severe smoke inhalation in a porcine
model.

MATERIALS AND METHODS

This study was approved by the U.S. Army
Institute of Surgical Research Animal Care
and Use Committee. It was conducted in com-
pliance with the Animal Welfare Act and the
implementing Animal Welfare Regulations
and in accordance with the principles of the
Guide for the Care and Use of Laboratory
Animals.

Animal Preparation. Female, nonpregnant,
Yorkshire pigs (n = 33) were anesthetized with
tiletamine/zolazepam (4—6 mg/kg intramuscu-
lar) followed by isoflurane (1%-3%). Endotra-
cheal intubation was performed with a 10-F en-
dotracheal tube via direct laryngoscopy.
Inhalation anesthesia was transitioned to total
intravenous anesthesia via continuous-rate infu-
sion of ketamine hydrochloride (20-30 mg/kg/
hr), midazolam hydrochloride (1.0-1.5 mg/kg/
hr), and propofol (50-100 wg/kg/min).
Animals were ventilated with the Drager Evita
XL ventilator (Driager Medical, Liibeck, Ger-
many) in a volume-controlled mode with a
baseline setting of TV 10 mL/kg, a positive-end
expiratory pressure (PEEP) 5 cm H,0, an in-
spiratory/expiratory ratio of 1:3, and Fio, 21%.
Respiratory rate was adjusted to maintain a
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P Low =0
THigh=5s
TLow=0.6s
FiO, =21%

APRYV Initial Settings
Protocol goal keep Pplat < 35 cmH,O

P High = 2 cmH,0O above current P,

Adjusting for Hypercarbia
Goal: PaCO, <60, pH > 7.2

1.Decrease sedation to allow
spontaneous breathing

2.Increase P High by 2 T Low by 0.1
3.Increase T Low by 0.1s 3.Repeat 1 and 2 until P High
4.Repeat 2 and 3 until P 40; TLow 0.4 s

High 40; TLow 1.2 s
5.Decrease T Highto 3.5 s

Adjusting for Hypoxemia

Goal: PaO, > 70, SpO; > 92%

1.Increase P High by 2
2.If PCO, < 50, then decrease

4.Titrate FiO, to lowest
possible setting to maintain

Adjusting for Hypocarbia

Goal: PaCO, > 30,pH < 7.5

1.1f PaO, > 100, decrease P
High by 2

2.Decrease T Low by 0.1

3.Repeat 1 and 2 until P High
20and T Low 0.4 s

oxygenation goals

Figure 1. Airway pressure release ventilation (APRV) algorithm. Pplat, plateau pressure; Paw, mean

airway pressure.

Paco, between 35 and 45 mm Hg. Arterial,
venous, pulmonary artery, and urinary bladder
catheters were placed, and a tracheostomy was
performed.

Wood Smoke Inhalation Injury. Upon
completion of the above procedures, baseline
values were obtained and the animals were
transported to a procedure room for adminis-
tration of smoke as previously described (30).
Briefly, the smoke apparatus consists of a
combustion chamber, a mixing box, a hand-
operated piston, and modified ventilator tub-
ing. The wood chips are burned in the com-
bustion chamber, after which the smoke is
passed into the mixing box. There, it is cooled
to avoid thermal injury to the animals and
mixed with 100% oxygen. Next the smoke is
delivered to the animals through the trache-
ostomy using a hand-operated piston. TV per
smoke breath was set at 30 mL/kg. This large
TV constitutes an integral part of our smoke
inhalation injury procedure. Our goal for
smoke delivery was to achieve an arterial car-
boxyhemoglobin (COHb) level of 80% deter-
mined via blood gas analysis (Cobas b221,
Roche Diagnostics, Indianapolis, IN) at the
end of smoke delivery, since in our experience
this is likely to lead to acute lung injury/ARDS
in the majority of injured animals. Because
COHb was not continuously measurable in
real time, we used smoke volume as a surro-
gate target. We previously determined that
administration of 28-30 L of smoke was likely
to achieve our COHb goal. However, smoke
injury was terminated before that point if the
pig developed hemodynamic instability, man-
ifested by hypotension, or desaturation during
the injury.

After injury, pigs were transported to the
animal intensive care unit, where they re-
mained under round-the-clock clinical moni-
toring for 48 hrs. Analgesia was provided with
buprenorphine (0.05 mg/kg intramuscular)
every 6 hrs throughout the study. Suctioning
was performed as needed. Fiberoptic bron-
choscopy was performed at 2, 6, 12, and 24 hrs
after injury. If endotracheal tube or tracheo-

bronchial obstruction was observed during
bronchoscopy, airway casts and debris were
removed. Pigs also received a maintenance
intravenous infusion of lactated Ringer’s solu-
tion at a rate sufficient to produce a urine
output of 0.5 to 1 mL/kg/hr. Injured pigs were
included in this study if they developed acute
lung injury, defined as a PaO,/Fio, ratio <300,
at any time during the experiment. Pigs were
excluded if they failed to achieve acute lung
injury.

Mechanical Ventilation Protocol. Before
injury, pigs were randomized to receive either
CMV (n = 15) or APRV (n = 12). For 2 hrs
after injury, a Fio, of 100% was used to accel-
erate carbon monoxide clearance. Other ven-
tilator settings continued as at baseline with a
TV of 10 mL/kg, respiratory rate of 12 breaths/
min, and PEEP of 5 cm H,0. After 2 hrs, Fio,
was weaned to achieve an arterial oxygen sat-
uration of >92%. During the first 6 hrs after
injury, pigs were either continued on CMV or
placed on APRV (Figs. 1 and 2). The CMV
algorithm involved PEEP adjustments accord-
ing to the original ARDS Network titration
table (14). A goal for maintenance of plateau
pressure (Pplat) <35 cm H,O was used for
both CMV and APRV arms. Six uninjured pigs
were maintained on CMV at TV of 10 mL/kg,
PEEP of 5 cm H,0, and Fio, of 21%, and
served as time controls. Pigs in all three
groups received humidification via a Fisher-
Paykel Healthcare MR850JHU humidifier
(Auckland, NZ).

Measurements. The following variables
were measured: body weight, number of
smoke breaths received, volume of smoke re-
ceived, peak COHb levels after completion of
smoke injury, heart rate, mean arterial pres-
sure, cardiac output, mean pulmonary arterial
pressure, pulmonary capillary wedge pressure,
pH, Paco,, PaO,, TV, respiratory rate, minute
ventilation, peak inspiratory pressure, Pplat,
Paw, and PFR. These variables were recorded
at baseline (before injury), 30 mins, 60 mins, 2
hrs, 6 hrs, and every 6 hrs thereafter for 48
hrs. Oxygen saturation of peripheral arterial
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blood was continuously monitored via pulse
oximetry. After 48 hrs, all animals were eutha-
nized with a euthanasia solution (Fatal-Plus,
Med-Vet International, Mettawa, IL) in accor-
dance with the American Veterinary Medical
Association Guidelines on Euthanasia, June
2007.

Histology. Following euthanasia 48 hrs af-
ter injury (or earlier for nonsurvivors), sec-
tions were taken from the right and left apical
and caudal lobes, fixed in neutral-buffered
10% formalin for 24 hrs, trimmed, embedded
in paraffin, sectioned at 4 pum, and stained
with hematoxylin and eosin. Histologic grad-
ing of injury was performed as previously de-
scribed by a veterinary pathologist using the
following scores (30):

1) Bronchial injury. Degeneration/necrosis
within small bronchi (0 = normal; 1 =
cilia loss; 2 = thinning of apical epithelium
only; 3 = <50% segmental/focal ulcer-
ation of epithelium; 4 = >50% ulceration
of epithelium).

2) Alveolar inflammation. Degeneration and in-

flammation of alveolar septae (0 = normal;

1 = minimal or mild thickening of alveolar

septae, relatively few inflammatory cells; 2 =

mild to moderate thickening of alveolar sep-

tae, increased number of inflammatory cells;

3 = moderate thickening of alveolar septae,

relatively large number of inflammatory

cells, <50% hyaline membrane formation;

4 = necrosis of alveolar septae, >50% hya-

line membrane formation).

Alveolar hemorrhage/edema. Relative

amount of alveoli containing hemorrhage

and edema (0 = Normal; 1 = <25% alveoli

w
-~

contain hemorrhage or edema; 2 = 25%—
50% alveoli contain hemorrhage or edema;
3 = 50%-75% alveoli contain hemorrhage
or edema; 4 = >75% alveoli contain hem-
orrhage or edema).

Statistical Analysis. All values expressed
are means * SeM. Statistical analyses were
performed using SAS 9.1 software. These in-
cluded two-way analysis of variance with re-
peated measures and Tukey-Kramer adjust-
ment for multiple comparisons, two-tailed
Student’s ¢ test, or Wilcoxon two-sample test.
Survival was evaluated using Kaplan-Meier
analysis. Ordinal data, specifically, the histo-
logic score, were analyzed using the Kruskal-
Wallis test and post hoc Wilcoxon Two-Sample
test, with Bonferroni correction for multiple
comparisons. Significance was accepted at p <
.05. Non-normally distributed data were log
transformed before analysis.

RESULTS

Out of the 33 experiments performed,
30 pigs were included in the study
(CMV = 15, APRV = 9, time controls =
6). Three were excluded in the APRV
group because their peak COHb levels
were below the study target of 80% COHb
and they failed to develop acute lung in-
jury at any time during the experiment.
These three animals also did not have
bronchoscopic or histologic evidence of
significant smoke inhalation injury. All
other animals achieved the 80% end-

TV =10 ml/kg.

PEEP =5
FiO,=21%

CMV Initial Settings

Protocol goal keep Pplat < 35 cmH,0O

RR = 12 bpm (at baseline change RR to
keep PCO, 35 - 45 mmHg)

Adjusting for hypercarbia

Goal: PaCO, < 60, pH > 7.2
1. Increase RR by 2 to max
2. If Pplat > 35 cmH,0,

decrease TV by 1 ml/kg to
maintain Pplat = 35 cmH,0O

FiOz> 92%

table

Adjusting for Hypoxemia

Goal: PaO, > 70, SpO; > 92%

1. If SpO, < 92% on arterial
of 30 blood gas add 10% FiO, until

2. ARDSNet PEEP titration

Adjusting for Hypocarbia

Goal: PaC0O2> 30, pH< 7.5
1. Decrease RR by 2 to a min
of 10 bpm

2. Decrease TV by 1 ml/kg to
a minimum of 4 ml/kg

Figure 2. Conventional mechanical ventilation (CMV) algorithm. 7V, tidal volume; RR, respiratory
rate; PEEP, positive end-expiratory pressure; Pplat; plateau pressure.

Table 1. Inhalation injury data

injury COHb target except one in the
CMV group. However, that animal did
develop ARDS at end of the study and
thus was considered for analysis.

Body weight, smoke dose, and postin-
halation peak carbon monoxide levels did
not differ between the APRV and the CMV
groups, indicating consistent injury lev-
els between the groups (Table 1).

A total of eight pigs died before 48 hrs
(six in the CMV group and two in the
APRV group). Causes of death were acute
desaturation (two in the APRV group and
four in the CMV group) as well as pneu-
mothorax (two animals in the CMV
group; diagnosis confirmed radiologi-
cally). Four of the six deaths in the CMV
group occurred when bronchoscopy was
not available at night. In the CMV group,
at 24 hrs mortality was 13%, and at 48
hrs mortality was 40%. In the APRV
group, mortality was 22% at both 24 and
48 hrs. As shown by Kaplan-Meier analy-
sis (Fig. 3), there was no significant dif-
ference in survival rate between the
groups (p = .19 by log-rank test).

PFR declined more quickly in APRV
than in CMV animals. PFR was lower in
both CMV and APRV animals as compared
to controls at 18 hrs and all time points
thereafter (Fig. 4). PFR in the APRV
group was also lower than that of con-
trols at 12 hrs. PFR was lower in the
APRV group compared to CMV at 12, 18,
and 24 hrs (Fig. 4). By the end of the
48-hr study, the differences in PFR be-
tween surviving APRV and CMV pigs had
disappeared (Table 1).

Hemodynamic and blood gas data are
provided in Table 2. Heart rate was lower
and higher in the APRV group at 30 and
36 hrs respectively (Table 2). There were
no statistically significant differences in
mean arterial pressure. Mean pulmonary
arterial pressure was lower in the CMV
group at 18, 24, and 30 hrs. Pulmonary
capillary wedge pressure was lower in the
CMV group at 12, 18, and 36 hrs, and pH
was lower in the CMV group at 42 hrs.
Other variables did not change after in-
jury (Table 2).

Weight Smoke Smoke Peak Pa0,/Fio, Pa0,/Fio, Mean Survival
Group (kg) Breaths (L) Carboxyhemoglobin (%) Ratio at 24 hrs  Ratio 48 hrs Time
Conventional mechanical ventilation 42.8 =9 24+1 304=*2 84.2 £ 2 2.46 = 0.3 0.92 = 0.24 383 +3.8
Airway pressure release ventilation 425+1 232+1 299=+2 873 2 1.18 = 0.30 1.59 = 0.57 42 + 4
p .56 72 .88 .67 .02 .31 A2

Values are means = SEM. Significance by two-tailed Student’s 7 test or Wilcoxon two-sample test.
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Ventilator data are provided in Table 3.
TV was consistently lower in the CMV
group after 30 hrs post injury. Respira-
tory rate was higher in the CMV group at
hours 24, 42, and 48. Minute ventilation
was lower in APRV at 24 hrs. Peak in-

spiratory pressure and Pplat were not dif-
ferent. However, Paw was sustained at
higher levels in the APRV group at 6 hrs
and all subsequent time points (Table 3).

Airway cast formation was a promi-
nent and consistent gross observation in

Survival Distibution Function

T T T T T T
0 10 20 _ 30 40 30
Time
Figure 3. Kaplan-Meier survival curves. Kaplan-Meier survival curves. Longer dash lines denote controls, short
dashed line is conventional mechanical ventilation group, and bold line denotes airway pressure release
ventilation group. Differences in survival rates are not significant between groups by log-rank test (p = .19).

PO, to FiO, Ratio

700
600
500 - -
400 =
300 ey CMV
200 —f— APRV
100 = = CTRL

0 e
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) & $ & $ & I« «1’ & 1' $ 1' & < T
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P L D A O A
)

Figure 4. Changes in Pa0,/F10, ratio over time. Solid line with squares is the airway pressure release
ventilation (APRV) group, solid line with friangles is conventional mechanical ventilation (CMV)
group, and dashed line denotes controls (CTRL). Values are means = standard error. Daggers indicate
significant differences between APRV and CTRL. Asterisks indicate significant difference between CMV
and controls. Pound signs indicate significant difference between CMV and APRV. Statistical analysis
was done by two-way analysis of variance with repeated measures and Tukey-Kramer adjustment for
multiple comparisons. Significance at p < .05.

Table 2. Hemodynamic and blood gas data

all injured animals. Bronchial and alveo-
lar histologic findings are shown in Fig-
ure 5. Control animals had multifocal
loss of cilia (Fig. 54) whereas both the
APRV and CMV injury groups featured
diffuse loss of cilia, multifocal ulceration,
fibrin deposition, hemorrhage, and in-
traluminal debris (Fig. 58 and C). We also
identified widespread multifocal thicken-
ing and disruption of alveolar septae,
edema, hemorrhage, and fibrinocellular
debris in the APRV and CMV groups (Fig.
5E and F). Septal thickening, disruption,
and alveolar edema were also sporadically
present in the controls (Fig. 5D).

The scoring results are presented in
Table 4. Specifically, bronchial injury
scores were significantly higher in the
APRV and CMV groups than in the con-
trol group, but not different between the
two injury groups. Both side-specific and
apical vs. basal scores for alveolar inflam-
mation and alveolar hemorrhage/edema
were numerically higher in the injury
groups compared to controls, but statis-
tical significance was not reached. The
cumulative bronchial injury scores were
identical in APRV and CMV groups and
higher than in the controls (Table 4).

DISCUSSION

We compared effects of APRV and CMV
on PFR during management of smoke
inhalation injury in swine. The major
finding of this study is that APRV, an
open-lung ventilation approach, did not
improve PFR compared to CMV. This oc-
curred despite higher Paw in the APRV
group. This is a severe model of inhala-
tion injury, resulting in a significant
early ARDS rate and significant early

Variable Group Baseline 30 mins 60 mins 2 hrs 6 hrs 12 hrs 18 hrs 24 hrs 30 hrs 36 hrs 42 hrs 48 hrs
Heart rate (beats per minute) CMV 914 1498 1507 1447 140=*8 1157 1076 100=7 109 =5 92 £6 101 =6 102 =7
APRV 9610 151 *+14 140*+15 132+12 134*+12 1017 107x9 1117 93 +5¢ 112 67 109 =38 112 =8
Mean arterial pressure (mm Hg)  CMV 1108 109+5 102=*6 96 +5 85+ 5 76+ 4 69 + 4 71+6 76 +5 8 +5 84 +3 92 +6
APRV 1106 1009 95+ 8 98 + 7 81+5 82 +6 76 +5 80 =7 T4+6 81+6 75+ 4 80 =4
Cardiac output (L/min) CMV 540 6.3+0 6.0 0 520 38x0 33x0 3.0x0 32x0 380 3.8%0 40x0 43 %0
APRV 500 520 520 43*0 34=+0 29=+0 29=+0 38=*+0 3.8+0 43+0 3.6 *0 45+1
Mean pulmonary artery pressure ~ CMV 20+ 1 19 +1 19+1 20+ 1 27+ 1 25+ 2 28 1 28 1 29 =1 31+2 34 +2 33+1
(mm Hg) APRV 212 213 22x3 203 26 =2 30+3 34 +2¢ 3517 34+ 1 36 =2 33*x3 42+ 8
Pulmonary capillary wedge CMV 9+1 9+1 9+1 8§+1 8+1 9+1 9+1 11=x1 9+1 9+1 101 11+1
pressure (mm Hg) APRV  9=1 8=1 8x1 102 11+1 12+19 14+3° 14=3 154 13+2¢  13=2 101
pH CMV 7450 7350 736*0 738x0 7410 742+x0 738x0 736x0 738=x0 7410 739 =0 7380
APRV 744 +0 7390 741*x0 740*0 744*x0 742+0 7350 732x0 7390 739 =0 750 0% 746 =0
Paco, (mm Hg) CMV 421 47+1 47+1 47x1 472 42 =2 45+ 2 50 £3 50 =4 49 =4 52+3 533
APRV 42+1 4037 3947 426 42 +3 43+ 4 52+5 55+3 50 =3 54+ 6 44 +5 44+ 4
PaO, (mm Hg) CMV 94+2 541+1 519+2 428+3 112+1 114 + 1 105 =2 877 88+ 6 784 88 =13 73+8
APRV 94+1 5502 495+4 456+6 140 +2 100 =1 82 +5 75+6 83+ 13 81+ 16 78 £ 10 77 =10
CMYV, conventional mechanical ventilation; APRV, airway pressure release ventilation.
“4indicates p < .05 determined by two-way analysis of variance with repeated measures.
Hemodynamic and blood gas data recorded at baseline and respective time points of the experiment. Values are means + SEM.
Crit Care Med 2011 Vol. 39, No. 10 2317



Table 3. Ventilatory data

Ventilatory Parameter Group Baseline 30 mins 60 mins 2 hrs 6 hrs 12 hrs 18 hrs 24 hrs 30 hrs 36 hrs 42 hrs 48 hrs
Tidal volume (mL) CMV 42710 42611 42510 403 +14 380x15 372=17 350+19 343+18 34324 304%+25 268+14 261=x15
APRV  431+18 534+79 52574 49476 411 +36 40724 39636 390 =38 452 =56 498 =59¢ 535+ 73 518 + 65¢
Tidal volume (mL/kg) CMV 10+0 10+0 10+0 9+0 9+0 9+0 8+1 8+1 8§+1 7+1 6+0 6+0
APRV 100 12 +1¢ 12+1 11+1 10+1 10+1 9+1 9+1 11 +1¢ 12 +1¢ 13+1¢ 12 +1¢
Respiratory rate (rate CMV 12+0 12+0 12+0 12+0 14+1 15+1 172 19 +2 21 +2 24 +2 27+ 1 28 1
per minute) APRV  12*0 12+0 14 +1 13+0 13+0 17+4 14+1 14 +1¢ 19 + 4 22=+4 16 + 3¢ 16 + 3¢
Minute ventilation CMV  49+01 55*03 52*+03 49+01 51+x02 51*x02 55+03 60+x03 6703 67+03 69+x04 7.0x03
(L/min) APRV  46*02 61+09 81*20 63*+12 51+03 53*x04 50*02 48*+037 62+07 74*09 65+05 63+05
Peak inspiratory CMV 16 £ 0 17+1 201 232 283 29 £3 332 312 36 =2 40 = 4 44 =4 41 =3
pressure (cm H,0) APRV 16 =0 19 +2 22*2 26 =2 242 26 =2 31+2 33*3 342 372 35+3 35+2
Plateau pressure (cm CMV 15*0 16 =1 18+1 21+1 26 +2 26 +2 27+1 27+1 32=x1 35+3 37+3 34 +2
H,0) APRV  15=*1 18 +2 21 +2 232 232 25*2 31+2 313 32+2 3B +2 33+3 312
Mean airway pressure CMV 70 8*0 80 8+0 9x0 9+0 11+1 12+1 13+1 14+1 171 16 =1
(cm H,0) APRV 8+1 8§+1 1001 12+1 19 = 2¢ 22 £2¢ 24 =14 25 =29 26 = 2¢ 28 =29 28 =3¢ 27 =29
Positive end- CMV 5+0.0 5+0.0 5+0.0 5+0.0 5+0.0 5+04 6+ 0.40 6+ 04 7+05 6+0.5 6+0.5 6+ 0.6
expiratory pressure APRV 5+0.0 5+0.0 5+0.0 n/a n/a n/a n/a n/a n/a n/a n/a n/a
Fio, CMV  021%+0.0 10*x00 1.0*+0.0 1.0+x00 03*x00 03*=00 03+00 05*01 06=*01 07+01 08+01 09=x0.1
APRV 021*00 1.0+00 10*x00 1.0%+00 05+01 05*01 06=*=01° 08*+01 09+01 09=*01 0901 09=0.1
Time low APRV n/a 0.62 = 0.08 0.65 = 0.05 0.68 = 0.05 0.62 = 0.05 0.61 = 0.05 0.69 = 0.07 0.74 = 0.10 0.70 = 0.10 0.74 = 0.10 0.74 = 0.10 0.66 = 0.10

CMV, conventional mechanical ventilation; APRV, airway pressure release ventilation; n/a, not applicable.

“?indicates p < .05 determined by two-way analysis of variance with repeated measures.

Ventilatory data recorded at baseline and respective time points of the experiment. All values are means = SEM.

Figure 5. Lung histology. Histologic appearance of bronchi after mechanical ventilation with either
airway pressure release ventilation (APRV) or conventional mechanical ventilation (CMV) following
smoke inhalation injury (hematoxylin and eosin, original magnification X200). A4, Control group,
CMV. There is multifocal loss of cilia. B, APRV group and C, CMV. There is diffuse loss of cilia, with
degeneration and necrosis of the epithelium. Note multifocal ulceration of epithelium with variable
amounts of fibrin, hemorrhage, and cellular debris. Histologic appearance of alveolar walls, mechan-
ical ventilation following smoke inhalation injury (hematoxylin and eosin, original magnification
X400). D, CMV controls, stretching and disruption of alveoli. £, APRV and F, CMV. Multifocal alveolar
septae are moderately thickened with, type 2 pneumocyte hyperplasia, and multifocal intra-alveolar
fibrin, edema, and inflammatory cells, consisting predominantly of neutrophils and macrophages.
Alveolar septae are variably lined by mats of fibrin and cellular debris (hyaline membranes).

mortality. Nevertheless, survival was sim-
ilar in both groups.

Early smoke inhalation injury varies
significantly from other causes of ARDS,
and these differences likely have a signif-
icant influence on the efficacy of various
interventions (31). Hypoxemia in early
ARDS induced by systemic inflammation
or sepsis results from alveolar edema and
intrapulmonary shunt (32). In early
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smoke inhalation injury, small airway
damage and obstruction predominate,
bronchial blood flow increases, and in-
creased blood flow to poorly ventilated
lung segments results in ventilation-
perfusion mismatch (23, 33). Airway re-
sistance is further increased by broncho-
spasm and mucus production. These
changes are heterogeneous throughout
the lungs, producing varying time con-

stants among pulmonary segments (34).
These unique pathologic features of early
inhalation injury have important clinical
implications, as increased airway resis-
tance in addition to decreased lung com-
pliance can complicate patient-ventilator
interactions.

Use of APRV in patients with increased
airway resistance is not well reported out-
side of case reports in severe asthma (35).
General recommendations include pro-
longing the time low segment of the ven-
tilator cycle to maintain peak expiratory
flow rate termination at around 50%
(20). However, the flow-time waveform
represents a summation of all lung seg-
ments. In a heterogeneous injury, this
strategy may not guarantee that adequate
ventilation will occur or that alveolar col-
lapse will not occur in all segments. Early
smoke inhalation injury is also character-
ized by alveolar instability from surfac-
tant deactivation and alveolar edema (9—
10). High Paws are often required to
maintain adequate oxygenation. As an
“open-lung” strategy in APRV, Paw, alve-
olar pressure, and peak airway pressure
are nearly equivalent. Since smoke inha-
lation causes a heterogeneous injury,
many different zones of pulmonary com-
pliance may exist. Some small lung seg-
ments may be viable (36) and subject to
barotrauma during APRV, while others
may be fully collapsed and unlikely to be
affected by any ventilator strategy (37).

The threshold for a “safe” Pplat during
ventilation is unclear. Post hoc analysis
of the ARDS Network trial of low TV ven-
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Table 4. Histology scoring

Left Apical Left Caudal Right Apical Right Caudal Cumulative
Alveolar Hem and Alveolar Hem and Alveolar Hem and Alveolar Hem and Alveolar  Hem and
Bronchi Wall Edema  Bronchi Wall Edema  Bronchi Wall Edema  Bronchi Wall Edema Bronchi Wall Edema

Group

Airway pressure 3.7 =027 2.9+ 0.3 3.0+03 3.6 *03% 3.0x04 26=*05 3.6*x03% 31+03 3.0*+04 34*+04% 3.0+03 35+04% 133 +0.87 11.6 + 1.1 11.6 = 1.0

release
ventilation
Conventional
mechanical
ventilation
Control

00+00 18%x02 12%+04 00=0.0 22x02 22%+05 02*+02 20x03 1.5=03 02*+02 20=x04 1303

33+03° 25+03 26+04 3.9+0.1° 24+02 34+03 34+03° 28+03 29+04 3.7+02° 25+02 23+04 13.9+0.8" 102+05 11.2 +0.7

03+02 82x09 6414

Hem, hemorrhage; Apical, sections of the lungs taken from the apex; basal, sections of the lungs taken from the basal areas of the lower lobes.
Cumulative scores include a sum of all four side- and location-specific scores.
4y =< .05 for airway pressure release ventilation vs. control; ®p = .05 for conventional mechanical ventilation vs. control, by Kruskal-Wallis test and post
hoc Wilcoxon Two-Sample test, with Bonferroni correction for multiple comparisons.

All values are means * SEM.

tilation observed that mortality paralleled
Pplat, even at values lower than 20 cm
H,0 (38). Although the peak inspiratory
pressure and Pplat seen with APRV and
CMV were similar in our study, APRV
required a higher Paw to maintain oxygen-
ation. This observation has been docu-
mented previously (26, 29). While high TV
and peak inspiratory pressure are com-
monly associated with ventilator-induced
lung injury, some authors suggest that a
high Paw also contributes to ventilator-
induced lung injury (37, 39). Furthermore,
in cases of increased expiratory resistance,
Paw may underestimate mean alveolar
pressure (39). The combination of in-
creased airway resistance in smoke inhala-
tion injury and short expiratory times with
APRV may cause conditions in which
mean alveolar pressure exceeds Paw,
potentiating the deleterious effects of
mechanical ventilation.

PFR was lower in APRV at 24 hrs, but by
48 hrs it was similar in both groups. This
similarity may be related to stabilization of
the airway injury and the process of cast
formation in our model. Indeed, we ob-
served a decrease in casts on bronchoscopy
beginning at the 24-hr time point. By 48
hrs, the pathophysiology may be more sim-
ilar to other causes of ARDS.

Postmortem histology scores were in-
distinguishable between the APRV and
CMV groups, substantiating our observa-
tion that, in this model, neither method
is superior to the other. Both CMV and
APRV animals showed higher bronchial
injury scores, which is a consistent find-
ing in smoke inhalation injury (30). In
addition, not only APRV and CMV ani-
mals, but also control animals, demon-
strated alveolar inflammation and hem-
orrhage/edema, indicating the potential
for ventilator-induced lung injury even in
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lungs not subjected to smoke. Histologic
analysis also demonstrated the well-
known heterogeneity of ARDS. We ob-
served high variability in the sections ex-
amined, particularly with respect to the
degree of alveolar inflammation and alve-
olar hemorrhage/edema present in the
field of view, with lobules of relatively
normal alveoli adjacent to lobules of al-
veoli undergoing extensive degeneration
and inflammation.

Methodological factors likely affected
the results of our study. The initial 10
mL/kg TV settings employed in both
groups during the first 2 hrs after injury
were designed to effect rapid carbon
monoxide clearance. Clinically relevant
comparison of APRV to CMV started at 2
hrs after injury. We chose to use a pres-
sure-targeted approach since we were
comparing CMV to a type of pressure-
controlled ventilation. As ARDS ensued
and subsequent increases in Paw oc-
curred, we began lowering TV to main-
tain a Pplat of <35 ¢cm H,0. We allowed
Pplat to exceed 35 cm H,0O only if the
animals were refractory to other inter-
ventions, such as decreasing the TV to 4
mL/kg in the CMV group or manipulating
the time low in the APRV group. Pplat
exceeded 35 cm H,0 in five pigs in the
APRV group and three pigs in the CMV
group. This perhaps could have been
avoided if we had accepted lower pH and
PO, criteria in our algorithm, such as
those used in the ARDS Network (pH
<7.15 and PO, of 55 mm Hg). Some
experts recommend volume-cycled venti-
lation at 6 mL/kg even in the absence of
lung injury (40, 41). It is unknown
whether rapid institution of a low-TV
strategy would have slowed the progres-
sion of ARDS or improved survival in this
severe model.

It was difficult to maintain spontane-
ous breathing in this model. While most
pigs in the APRV group had some degree
of spontaneous breathing, it was not con-
sistent due to requirements to keep the
pigs deeply sedated and pain free. The
total sedation requirements were similar
in each group. Proponents of APRV sug-
gest the benefits of APRV are diminished
in the absence of spontaneous breathing
(42). However, the improvement in oxy-
genation seen with spontaneous breath-
ing is not immediate and often occurs
after 24 hrs (28). Because most patients
with smoke inhalation injury often have
coexisting cutaneous burns and/or
trauma, they often require significant
amounts of sedation and analgesia to
facilitate wound care or other invasive
procedures. APRV may not be superior
to CMV during this initial phase of
treatment, in which sedation and anal-
gdesia may interfere with spontaneous
breathing. Other factors, such as dis-
connection from mechanical ventila-
tion during bronchoscopy, may also
lead to lung derecruitment during this
phase of care.

Our model involved severe inhalation
injury without cutaneous burns, whereas
a combination of both injuries, with a
lesser degree of inhalation injury, is more
common. Previous animal models have
documented a synergistic effect from the
combination of inhalation and cutaneous
injury as compared to inhalation injury
alone. It is also known that the response
to a given injury can vary among sub-
jects. The 48-hr duration of this study
prevents us from reporting on which
mode of ventilation may be beneficial in
the longer-term management of smoke
inhalation injury. Also, because we ex-
cluded three APRV animals that clearly
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did not respond as expected to smoke
inhalation and did not develop evidence
of significant injury, our study did not
follow an “intention-to-treat” design.

We did not use adjuvant therapies,
such as inhaled bronchodilators, heparin,
or N-acetylcysteine, which are commonly
used in clinical practice. Inline suction-
ing and scheduled fiberoptic bronchos-
copy were vital in ensuring survival in
our study, but may have also led to dere-
cruitment during pulmonary toilet and
suctioning.

CONCLUSIONS

Despite its use for nearly 2 decades,
there is a paucity of data comparing APRV
to CMV in the management of ARDS.
Furthermore, there are no studies evalu-
ating APRV for early management of
smoke inhalation injury. This injury is a
unique pathophysiologic process charac-
terized predominantly by a small airway
lesion, and its initial management should
be differentiated from that of other causes
of ARDS. In this model, when compared to
CMV with a target Pplat of 35 cm H,0,
APRV was associated with a lower PFR at
12, 18, and 24 hrs after injury, despite a
higher Paw from 6 hrs after injury until the
end of the study. Thus in this experiment,
APRV appeared not to be of benefit when
compared to CMV in management of ARDS
in the first 48 hrs. However, these observa-
tions should be balanced by the fact that
spontaneous breathing was not a consistent
feature of this model. Further investiga-
tions on the use of APRV in smoke inhala-
tion injury are warranted to characterize its
role in the longer-term management of pa-
tients with smoke-induced ARDS.

REFERENCES

1. Pruitt BA Jr, Goodwin CW, Mason AD Jr:
Epidemiological, demographic and outcome
characteristics of burn injury. New York, NY,
WB Sanders, 2002

2. Shirani KZ, Pruitt BA Jr, Mason AD Jr: The
influence of inhalation injury and pneumo-
nia on burn mortality. Ann Surg 1987; 205:
82-87

3. Cancio LC: Current concepts in the patho-
physiology and treatment of inhalation in-
jury. Trauma 2005; 7:19-35

4. DiVincenti FC, Pruitt BA Jr, Reckler JM: In-
halation injuries. J Trauma 1971; 11:
109-117

5. Hubbard GB, Langlinais PC, Shimazu T, et
al: The morphology of smoke inhalation in-
jury in sheep. J Trauma 1991; 31:1477-1486

6. Herndon DN, Traber DL, Niehaus GD, et al:
The pathophysiology of smoke inhalation in-

2320

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

jury in a sheep model. J Trauma 1984; 24:
1044-1051

. Nieman GF, Clark WR Jr, Wax SD, et al: The

effect of smoke inhalation on pulmonary sur-
factant. Ann Surg 1980; 191:171-181

. Pruitt BA Jr, Cioffi WG: Diagnosis and treat-

ment of smoke inhalation. J Intensive Care
Med 1995; 10:117-127

. Isago T, Noshima S, Traber LD, et al: Analysis

of pulmonary microvascular permeability af-
ter smoke inhalation. J Appl Physiol 1991,
71:1403-1408

Steinberg JM, Schiller HJ, Tsvaygenbaum B,
et al: Wood smoke inhalation causes alveolar
instability in a dose-dependent fashion. Re-
spir Care 2005; 50:1062-1070

Dancey DR, Hayes J, Gomez M, et al: ARDS in
patients with thermal injury. Infensive Care
Med 1999; 25:1231-1236

Wolf SE: Critical care in the severely burned:
Organ support and management of compli-
cations. In: Total Burn Care. Herndon, DN
(Ed). New York, NY, Saunders Elsevier, 2002,
pp. 454476

Jardin F, Fellahi JL, Beauchet A, et al: Im-
proved prognosis of acute respiratory distress
syndrome 15 years on. Intensive Care Med
1999; 25:936-941

Ventilation with lower tidal volumes as com-
pared with traditional tidal volumes for acute
lung injury and the acute respiratory distress
syndrome. The Acute Respiratory Distress
Syndrome Network. N Engl J Med 2000; 342:
1301-1308

Amato MB, Barbas CS, Medeiros DM, et al:
Effect of a protective-ventilation strategy on
mortality in the acute respiratory distress
syndrome. N Engl J Med 1998; 338:347-354
Brower RG, Shanholtz CB, Fessler HE, et al:
Prospective, randomized, controlled clinical
trial comparing traditional versus reduced
tidal volume ventilation in acute respiratory
distress syndrome patients. Crit Care Med
1999; 27:1492-1498

Brower RG, Lanken PN, Maclntyre N, et al:
Higher versus lower positive end-expiratory
pressures in patients with the acute respira-
tory distress syndrome. N Engl J Med 2004;
351:327-336

Cioffi WG, Graves TA, McManus WF, et al:
High-frequency percussive ventilation in pa-
tients with inhalation injury. J Trauma 1989;
29:350-354

Wang SG, Guo GH, Fu ZH, et al: Comparison
of conventional mandatory ventilation and
high frequency oscillatory ventilation for
treatment of acute lung injury induced by
steam inhalation injury. Burns 2006; 32:
951-956

Habashi NM: Other approaches to open-lung
ventilation: Airway pressure release ventila-
tion. Crit Care Med 2005; 33:5228 -S240
Wang D, Zwischenberger JB, Savage C, et al:
High-frequency percussive ventilation with
systemic heparin improves short-term sur-
vival in a LD100 sheep model of acute respi-
ratory distress syndrome. J Burn Care Res
2006; 27:463-471

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

Peck MD, Koppelman T: Low-tidal-volume
ventilation as a strategy to reduce ventilator-
associated injury in ALI and ARDS. J Burn
Care Res 2009; 30:172-175

Cartotto R, Walia G, Ellis S, et al: Oscillation
after inhalation: High frequency oscillatory
ventilation in burn patients with the acute
respiratory distress syndrome and co-
existing smoke inhalation injury. J Burn
Care Res 2009; 30:119-127

Putensen C, Mutz NJ, Putensen-Himmer G,
et al: Spontaneous breathing during ventila-
tory support improves ventilation-perfusion
distributions in patients with acute respira-
tory distress syndrome. Am J Respir Crit
Care Med 1999; 159:1241-1248

Yoshida T, Rinka H, Kaji A, et al: The impact of
spontaneous ventilation on distribution of lung
aeration in patients with acute respiratory dis-
tress syndrome: Airway pressure release ventila-
tion versus pressure support ventilation. Anesth
Analg 2009; 109:1892-1900

Résanen J, Cane RD, Downs JB, et al: Airway
pressure release ventilation during acute
lung injury: A prospective multicenter trial.
Crit Care Med 1991; 19:1234-1241

Cane RD, Peruzzi WT, Shapiro BA: Airway
pressure release ventilation in severe acute
respiratory failure. Chest 1991; 100:460-463
Sydow M, Burchardi H, Ephraim E, et al: Long-
term effects of two different ventilatory modes on
oxygenation in acute lung injury. Comparison of
airway pressure release ventilation and volume-
controlled inverse ratio ventilation. Am J Respir
Crit Care Med 1994; 149:1550-1556

Dart BW 4th, Maxwell RA, Richart CM, et al:
Preliminary experience with airway pressure
release ventilation in a trauma/surgical in-
tensive care unit. J Trauma 2005; 59:71-76
Park MS, Cancio LC, Batchinsky Al, et al:
Assessment of severity of ovine smoke inha-
lation injury by analysis of computed tomo-
graphic scans. J Trauma 2003; 55:417-427
Cancio LC, Batchinsky Al, Dubick MA, et al:
Inhalation injury: Pathophysiology and clin-
ical care proceedings of a symposium con-
ducted at the Trauma Institute of San Anto-
nio, San Antonio, TX, USA on 28 March 2006.
Burns 2007; 33:681-692

Dantzker DR, Brook CJ, Dehart P, et al: Ven-
tilation-perfusion distributions in the adult
respiratory distress syndrome. Am Rev Re-
spir Dis 1979; 120:1039-1052

Abdi S, Herndon D, McGuire J, et al: Time
course of alterations in lung lymph and
bronchial blood flows after inhalation injury.
J Burn Care Rehabil 1990; 11:510-515
Riedel T, Fraser JF, Dunster K, et al: Effect of
smoke inhalation on viscoelastic properties
and ventilation distribution in sheep. J Appl
Physiol 2006; 101:763-770

Hasan N, Landsberg DM, Acevedo RA, et al:
Airway pressure release ventilation (APRV) in
the management of status asthmaticus.
Chest 2009; 136:255—e-26

Gattinoni L, Pesenti A: The concept of
“baby lung.” Intensive Care Med 2005; 31:
776-784

Crit Care Med 2011 Vol. 39, No. 10



37.

38.

Marini JJ, Hotchkiss JR, Broccard AF: Bench-
to-bedside review: Microvascular and air-
space linkage in ventilator-induced lung in-
jury. Crit Care 2003; 7:435—444

Brower RG, Matthay M, Schoenfeld D:
Meta-analysis of acute lung injury and
acute respiratory distress syndrome trials.
Am J Respir Crit Care Med 2002; 166:
1515-1517

Crit Care Med 2011 Vol. 39, No. 10

39.

40.

Marini JJ, Ravenscraft SA: Mean airway pres-
sure: Physiologic determinants and clinical
importance—Part 2: Clinical implications.
Crit Care Med 1992; 20:1604-1616

Gajic O, Frutos-Vivar F, Esteban A, et al:
Ventilator settings as a risk factor for acute
respiratory distress syndrome in mechani-
cally ventilated patients. Intensive Care Med
2005; 31:922-926

41.

42.

Determann RM, Royakkers A, Wolthuis EK,
et al: Ventilation with lower tidal volumes as
compared with conventional tidal volumes
for patients without acute lung injury: A pre-
ventive randomized controlled trial. Crit
Care 2010; 14:R1

Dries DJ, Marini JJ: Airway pressure release
ventilation. J Burn Care Res 2009; 30:
929-936

2321



